OBJECTIVE: To investigate whether aspects of infant energy intake are related to fatness in early childhood. DESIGN: Longitudinal investigation of infants studied at 12 weeks and 2±3.5 y. SUBJECTS: 20 healthy infants, breast-fed or formula-fed, from the general population. MEASUREMENTS: Milk volume intake (MVI) by deuterium turnover, estimated energy intake, weaning status and body composition in infancy, body composition in childhood. RESULTS: MVI was not related to infant skinfolds or percentage fat. Weaning was inversely related to MVI (P`0.04) at 12 weeks, and inversely related to skinfolds (P 0.055) and fat mass (P 0.020) in childhood. MVI and total energy intake were not related to childhood fatness. CONCLUSIONS: Early weaning was associated with a moderate reduction in childhood fatness. Two possible mechanisms are discussed. However, early infant energy intake was not an important determinant of later fatness in this population.
Introduction
A number of studies have reported that rankings of fatness show stability between early infancy and childhood.
1±3 This is of concern to paediatricians because a relationship has been demonstrated between infant and later obesity. Several studies have shown that while not all fat infants are fat in later life, they have an increased risk of being so in comparison to normal weight infants. 1, 2, 4, 5 Furthermore, greater risk of cardiovascular disease in adults is not limited to obese subjects, and is increased when body weight is at the high end of the`normal' range. 6 This indicates that early factors in¯uencing later fatness may be equally important in fatter subjects who have not actually become obese.
Earlier studies investigating the development of fatness in infancy and childhood tended to focus on the potential role of variation in early energy intake. However, such studies had limited success in explaining the development of fatness, and results appeared to be inconsistent. 7 When the technology became available to study energy expenditure in free-living infants, attention shifted to this aspect of the energy balance equation. The new hypothesis was that rather than high energy intake leading to greater fatness, the cause was reduced energy expenditure on physical activity. 8 Nevertheless, while physical activity level in children has been found to predict subsequent fat deposition, 9, 10 the evidence for such a relationship in infants remains contradictory. A small study of infants born to lean and overweight mothers reported reduced total energy expenditure in the infants who subsequently became overweight, 8 but this ®nding has not been con®rmed in infants drawn from the general population. 3, 11, 12 Furthermore, the infants of overweight mothers who later became overweight 8 had unusually high energy intakes in mid-infancy, 13 suggesting that energy intake may have been the factor responsible for the excess weight gain.
In this study we have considered once more the relationship between early energy intake and later fatness, using a non-invasive technique for estimation of milk volume intake (MVI). We describe investigation of the hypothesis that infant MVI and weaning status are related to later fatness in the general population, by means of a follow-up study of infants initially studied at 12 weeks of age. We have previously reported that there was no relationship between infant energy expenditure and later fatness in the same cohort.
healthy, born at term and had no known condition that might unduly in¯uence health or development. Ethical permission for the study was granted by Cambridge Health Authority and the Medical Research Council Dunn Nutrition Unit.
The initial sample was composed of equal numbers of formula-fed and breast-fed infants. At the time of these initial measurements, a small amount of supplementary feeding was permitted, but infants were only recruited if the supplementation had commenced after 11 weeks post-partum and provided a small minority of total energy intake.
Measurements at 12 weeks
At or close to 12 weeks of age, various measurements were made over an eight-day study period. Weight, supine length and skinfold thicknesses at the triceps and subscapular sites were measured on the ®rst day of the study. Weight was measured again on the last day of the study.
Body composition and MVI were determined from the doubly labelled water method, which has been described at length previously. 14, 15 Brie¯y, the technique uses the¯ux of two isotopic tracers, 2 H and 18 O, to estimate water turnover and energy expenditure. Details of the methodology used in this study have been described elsewhere. 15 Dilution space of the 18 O isotope was used to derive a value for total body water (TBW) by dividing by 1.01. 16 This value was then divided by the proportion of male or female lean tissue that is water in this age group 17 to give a value for fat free mass (FFM). Fat mass was calculated as the difference between FFM and weight.
MVI was determined from deuterium turnover. The details of this measurement have been described previously. 18 Brie¯y, water intake is estimated from the sum of water output derived from deuterium turnover, and water stored in new tissue, estimated from the data on weight gain and body composition described above. Corrections were made for isotopic fractionation and the water resulting from the oxidation of the milk ingested. Correction was also made for environmental water intake through the skin. This value was obtained by comparing isotopic values for milk intake with measurements of formula-bottles before and after feeds. 18 Non-milk oral water intake was also taken into account as described below. Thus the calculation of MVI was as follows:
HXWT where N d Á k d represents water output calculated from deuterium turnover, 0.99 is the correction factor for isotopic fractionation, 19 W st is water stored in new tissue over the study period, 0.937 is the correction for environmental water intake, 18 non-milk W in is nonmilk oral water intake, and 0.96 is the factor used to correct both for the water content of milk and for the production of water from the oxidation of milk solids. 20 Mothers were asked to record supplementary food and non-milk¯uid intakes over two periods of 24 hours during the study week. Intakes were recorded by weighing bottles and food dishes before and after feeding on Bronso Uni-scale electronic scales (PC International Ltd, Cambridge), accurate to 1 g. Supplementary¯uids (juices) were assumed to be 100% water by weight. Supplementary foods were assumed to be 50% water by weight. These assumptions were used when calculating non-milk oral water intake. Infants were also distinguished between those receiving any supplements containing calories (weaned) and those receiving only milk and water (unweaned). Supplementary energy intake was calculated from the weight of supplements consumed and the relevant manufacturers' values for energy content. Estimated total energy intake was calculated as follows. The energy content of formula-milk was assumed to be 276 kJ per 100 ml (manufacturer's speci®cations), and that of breast-milk to be 250 kJ per 100 ml. 21 These values were combined with the isotopic measurement of MVI, and where appropriate added to the supplementary energy intakes of the weaned infants.
Infant soothability was assessed using the Rothbart Infant Behaviour Questionnaire, 1978 version, 22 as described previously. 23 Soothability was de®ned as`a child's reduction of fussing, crying or distress when soothing techniques are used by the caretaker or child'.
Measurements at 2±3.5 y
Where possible, the infants took part in a follow-up study at age 2±3.5 y. Weight, height and skinfold thicknesses at the triceps and subscapular sites were recorded. TBW was again calculated from a stable isotope tracer, in this case deuterium. Deuterium dilution space overestimates the body water pool by approximately 4%, 24 so the dilution spaces were divided by 1.044 to give values for TBW. 25 These values were then combined with values for body weight and the water content of lean tissue for the relevant age group and gender 17 to give FFM and fat mass as derived above.
Statistical analyses
All analyses were conducted using a Minitab (Minitab Inc. 1985) program. Multiple regression analyses were used to determine the relationship of weaning status with other variables at 12 weeks, and the relationships of 12 week weaning status and MVI with later fatness. To adjust for age, childhood skinfold thicknesses were translated into z-scores based on Tanner-Whitehouse data, 26 and a mean z-score for the two skinfolds used in subsequent analyses. However, for fat mass no such appropriate data were available, and age was initially included in the multiple regression analyses.
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Results
Characteristics of the infants at the time of original recruitment have been described previously. 3 All tables refer to the 20 infants who participated in both stages of the study, and in whom all measurements at both study periods were successful. There were no differences in anthropometry, body composition or milk intake between those followed up and those not. Anthropometric variables at 12 weeks of age are given in Table 1 , along with results of isotopic measurements.
Of the 50 infants originally measured at 12 weeks, 20 could not be located or did not wish to participate at the time of the follow up. The remaining 30 children were seen aged between 2 and 3.5 y, but data points were missing at both study periods due to unsuccessful isotopic or skinfold measurements, reducing the complete sample size to 20. Results of anthropometry and deuterium dosing are given in Table 1 .
Weaning status had no relationship with infant fatness assessed by skinfolds or percentage fat. After adjusting for FFM, weaned infants had signi®cantly lower MVI (P 0.046), with the mean difference being approximately 100 ml/d, equivalent to about 264 kJ/d. Using manufacturer's values for energy content, supplementary foods in weaned infants were estimated to provide on average 179 kJ/d. Estimated total energy intake, adjusted for FFM, was reduced by approximately 52 kJ/d in the weaned infants, but this effect was not signi®cant.
Weaned infants were rated as signi®cantly more soothable at 12 weeks (P`0.02), and were heavier but not signi®cantly so. Weaning status was related to childhood fatness: after adjustment for infant fatness, unweaned infants had greater skinfold z-scores (P 0.055) and fat mass (P 0.020) in childhood. These relationships are given in Table 2 (two-sample t-tests) and Tables 3 and 4 (multiple regression) . Table 3 describes the results for skinfold z-scores, and Table 4 those for fat mass. Unweaned infants were signi®cantly taller in childhood than weaned infants (P`0.05), but height was not a signi®cant predictor of childhood fatness in the multiple regression models, and was withdrawn. Childhood age and FFM were not signi®cantly related to childhood fatness, and were also withdrawn from the analysis. When either MVI or estimated total energy intake (EI) was included in the multiple regression models, weaning status remained related to later fatness whereas MVI and EI were not.
When infant soothability was included in the model, weaning status was no longer related to childhood skinfold z-scores, and the relationship between weaning status and childhood fat mass was reduced below the 5% level of signi®cance.
Discussion
Our study was intended to test the hypothesis that early EI is a major determinant of later body composition, by considering different aspects of EI: MVI, weaning status, and total EI. Our data indicate that although infant weaning status was related to childhood fatness, the magnitude of the effect was low. Early weaning was associated with reduced infant MVI and reduced childhood fatness, but no independent effect of infant MVI on later fatness was found. Moreover, our results suggest that the long term effect of weaning on later fatness might operate through one or both of two possible pathways: either indirectly through infant temperament, or directly through milk intake. However, total energy intake in early infancy was not itself an important determinant of childhood fatness in this population.
Unlike previous studies, MVI was investigated without recourse to test-weighing of the breast-fed infants. Test-weighing is unsuitable for frequently-fed infants and may in¯uence infant appetite. Isotopic values for MVI refer to an average intake over a seven day period, although supplementary foods were assessed on only two days which we have assumed to be representative of the seven day period. As nonjuice supplementary feeding was minimal, the assumption that non-juice foods comprised 50% water by weight should have negligible effect on the accuracy of MVI values. However, the estimation of total EI should be regarded as an approximation, as we were unable to take into account inter-individual variability in the energy content of breast-milk and formula-milk, or the extent to which supplementary foods were actually absorbed at this young age. Nevertheless, the ®ndings were similar whether MVI or total EI was considered.
Our study also differed from previous research in being able to investigate the effects of EI on both regional subcutaneous and total fatness. Agreement between subcutaneous and total fatness is poor in early life, 27 both because of the inclusion within total fatness of internal fat stores, and because skinfold measurements are traditionally made on the arms and torso, thus ignoring large areas of the body. Regional fat depots may be affected differently by factors such as EI and activity level, and given the traditional focus on subcutaneous fatness, both aspects deserve attention.
None of the children in the sample were obese, and the results are relevant to the development of body composition in the general population. Mean weight and height of our sample were very close to the mean of current UK reference children.
28 Childhood percentage fat estimated by deuterium dilution was signi®cantly lower than has been reported previously using a similar methodology in the same population, but this difference was re¯ected in lower values for body mass index (BMI). 29 By selecting a sample from the general population, our study could consider whether early EI is associated with gains in fatness in the period following infancy, whether or not such gains result in a state of obesity.
Previous research on the relationship between weaning and subsequent fatness has been inconsistent. 7 Several longitudinal studies found no relationship between the time of introduction of solid foods and later fatness, 30±33 but the converse has also been reported. It is possible that this paradox may be resolved by determining whether supplementary foods add to, or merely replace, energy previously supplied by MVI.
Mothers participating in the present study were not asked for the reason why they had started supplementary feeding, although we observed that weaned infants were heavier and perceived as easier to soothe. One apparent consequence of introducing supplementary foods was that MVI was signi®cantly lower in the weaned infants. This ®nding has been reported previously 35, 36 and may relate either to a depression of infant appetite for milk, 37 or to a decrease in maternal milk production following a decrease in the infant suckling stimulus. 38 Our data indicate a reduction in infant appetite, since the effect was present in both breast-fed and formula-fed infants. Whichever explanation is correct, the effect in the present study appeared to be of supplements replacing, rather than adding to, MVI.
Furthermore, we estimate that the mean reduction in energy derived from milk was not fully replaced by Infant energy intake and later fatness JCK Wells et al the minimal levels of supplementary feeding, and it is also unlikely that all the energy contained in the supplements was actually metabolised, as the immature gut is unable to absorb all the nutrients available from this source. 39 Even assuming full recovery of energy from supplements, our data indicate that the net effect of weaning was a small reduction in total metabolisable EI.
Our study showed that weaning status was moderately related to later fatness, after controlling for infant fatness, while infant MVI and total EI were not. The introduction of supplementary foods by 12 weeks of age was associated with reduced skinfold z-scores and fat mass in childhood.
One possible mechanism for this relationship, could be the direct reduction of milk intake. Little is known about the ability of the immature gut to absorb supplementary foods, and it is possible that metabolisable EI could be lowered for some time, due to the reduction in MVI via infant appetite, while supplements fail to replace the energy from this source. However, our results also suggest an alternative mechanism, operating through infant temperament.
Weaned infants were perceived as signi®cantly more easily soothable than unweaned infants. When soothability and weaning were considered simultaneously, the strength of the relationship between weaning status and childhood fatness decreased below the 5% level of signi®cance. This effect was not consistent, with weaning status being a stronger predictor than soothability of childhood fat mass, but soothability being the stronger predictor of childhood skinfolds. This apparent discrepancy is likely to be due to the different ways in which particular subcutaneous fat depots develop in early life.
We have shown previously, in the same group of infants, that infant temperament was associated with long term effects on dietary intake and activity level. Irritable infants consumed more carbohydrate in childhood, while easily soothable infants were leaner and more active in childhood. 23 The most likely explanation for these relationships is that mothers respond to infant irritability by using food as a pacifying technique. 40 Mothers wean infants partly because it reduces infant distress, 41 and our study raises the possibility that delayed weaning has long term effects on infant behaviour relating either to the demand for food or to physical activity level.
Clearly this issue needs to be investigated in greater detail, and it is possible that both of the mechanisms suggested above may play a role in explaining the relationship between early weaning and later reduced fatness.
As with the introduction of supplementary foods, reports of the effect of total EI on later fatness are inconsistent. 7 Furthermore, they relate predominantly to cross-sectional studies, and the in¯uence of early EI on later fatness in the general population has received surprisingly little attention. However, a recent study comparing matched cohorts of breast-fed and formula-fed infants concluded that greater skinfold thicknesses at 18 months in the formula-fed infants could be attributed to greater energy intakes. 42 These greater EIs were explained by greater MVI in the formula-fed infants, and not by differences either in the energy density of the milks, or the contribution of solids. 43 The differences in skinfolds were of low magnitude, only present at some sites, and decreased in the second year of life. Our ®ndings show consistency with these ®ndings, with the reduced MVI of weaned infants in our study being associated with a small reduction in childhood fatness.
In a further study a vigorous style of feeding in infancy, assumed to equate to greater EI, showed a moderate association with skinfold thicknesses at age 2 y. 44 In a follow-up of these infants, delayed introduction of solid foods in infancy remained associated with greater body mass index at age 6 y.
2 Again, our results show consistency with these ®ndings, but our study differs from previous work in measuring total body fatness as well as external fatness, and through use of a less invasive methodology for measuring infant milk intake, equally suitable for breast-fed and formula-fed infants. Laboratory measures of milk intake may be unrepresentative of habitual intakes, whereas our methodology allowed us to estimate MVI in natural conditions without in¯uenc-ing either mother or child.
Conclusions
We report a moderate effect of supplementary feeding on later fatness. Although based on a small sample, our study is the ®rst ever simultaneously to measure EI, energy expenditure 3 and temperament 23 in early infancy and then to consider their effects on later fatness. Each of the three infant variables was assessed over the same seven day period, allowing day-to-day variation to be taken into account. The results indicate that measurements of infant energy metabolism at a single time point are less successful predictors of later fatness than infant temperament. This can be explained in terms of stability. Measurement of infant energy metabolism, however accurate, gives no indication of subsequent consistency, whereas a de®ning feature of temperament is a degree of stability over time. 22 We conclude that weaning status, rather than MVI, predicted later fatness because of its potential to in¯uence energy balance for longer, either through continued suppression of milk intake while supplements cannot fully be digested, or because the unweaned infant differs from the weaned infant in behavioural development and maintains this effect subsequently. Overall, our ®nd-ings suggest that measures of behavioural stability may have much to contribute to understanding the mechanism of weight gain in early life.
